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ABSTRACT
Investigations were initiated to explore the possibility of 
microbial desulfurization of petroleum. A theoretical approach was pre­
sented for obtaining cultures capable of removing organically bound 
sulfur from petroleum fractions of high organic sulfur content. Soil 
and liquid enrichments were made using soil from a storage area for high 
sulfur petroleum fractions. The flora was enriched with a residual oil 
containing 4.9 per cent organically bound sulfur or with dibenzothio- 
phene, a compound thought to represent the nucleus of the majority of 
sulfur compounds in the residual oil. Selective methods were used to 
obtain a total of 496 isolates from the enrichments.
A method was devised for screening isolates for their ability to 
accumulate reducible, inorganic sulfur compounds from the sulfur bearing 
structures of petroleum. None of the isolates were observed to accumu­
late significant amounts of inorganic sulfur by this method, nor were 
any found to reduce the sulfur content of the petroleum.
One of the isolates was selected for a detailed study because of 
its rapid, abundant growth'on Kuwait flashed-crude (3.2 per cent organic 
sulfur content) as its sole carbon, energy, and sulfur source. The 
culture, an Arthrobacter sp., was found to accumulate organic acids from 
this substrate, the activity being favored by forced aeration, pH 7.7-8.0, 
buffer concentration of 80 mM, and increasing substrate concentrations 
up to 50 per cent. A total of 97 compounds were studied for their 
ability to serve as carbon-energy, nitrogen, and sulfur sources for the
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growth of this culture. The data suggested that this organism derives 
its carbon and energy from the long chain, aliphatic hydrocarbons of 
the petroleum fraction. Preliminary results indicate that the culture 
obtains sulfur from the aliphatic sulfides of the petroleum fraction, 
but not from the aromatic, heterocyclic rings.
Cells of this culture were found to contain about 1.3 per cent 
sulfur when grown on the petroleum fraction, whether sulfate was pro­
vided or not. Resting cells consumed 51 uL 02 per hour per mg cell 
protein when supplied 1 per cent Kuwait flashed-crude adsorbed on 
clay. The R. Q. for this activity was 0.33.
The general approach outlined for obtaining desulfurizing cul­
tures was discussed in relation to the characteristics of this repre­
sentative isolate.
ix
INTRODUCTION
The removal of sulfur impurities from various natural products 
(desulfurization) has received serious attention for the last twenty-five 
years. The petroleum and coal industries have been especially interested 
in controlling the problems created by contaminating sulfur. Since 
sulfur is an essential ingredient in living processes, it was inevitable 
that microorganisms be evaluated as possible tools for such purifica­
tion processes.
Investigations of microbial desulfurization have been confined 
largely to transformations of inorganic forms of sulfur--the removal of 
gaseous forms of sulfur from hydrocarbon gases or the conversion of 
sulfur compounds of coal and liquid petroleum fractions to gaseous forms 
for easy removal.
The extraction of organically bound sulfur from coal and petroleum 
by microorganisms has received almost no attention in the literature. 
This, perhaps, is due in part to a lack of knowledge and understanding 
of the metabolism of organically bound sulfur.
Another gap in our knowledge which has prevented succesful head­
way into desulfurization processes is the insufficient knowledge con- 
cerning the behavior of microorganisms in the presence of complex hydro­
carbon mixtures such as coal and petroleum. Studies of pure systems 
are necessary and valuable, but studies of more complex systems, closer 
to the realities of nature, may possibly afford other productive informa­
tion.
This investigation was intended as an exploratory study of micro­
bial activities on a petroleum fraction of high organic sulfur content.
Emphasis was placed on studying an approach to the isolation of a micro­
bial culture which would grow rapidly and abundantly on such a fraction 
as its sole source of carbon, energy, and sulfur, and if possible, 
accumulate water-soluble, sulfur-containing by-products. It is possible 
that such studies may lead to a better understanding of the role of 
microorganisms in natural processes and offer a starting point for the 
successful application of microorganisms to the removal of organically- 
bound sulfur of coal and petroleum.
SELECTED LITERATURE
The studies presented in this paper are divided into two parts, 
each encompassing many areas of microbiology. However; in keeping with 
the scope of this project, no one area has been dealt with in fine 
detail. For this reason, the present chapter is written not as a survey 
of the literature on various aspects of these studies, but rather as a 
selection of noteworthy papers and reviews pertinent to the major topics 
of discussion. It is hoped that this approach will provide the reader 
sufficient orientation for the present subject matter without excessive 
repetition.
In the first phase of this project, emphasis was placed on obtain­
ing cultures possessing the necessary complement of enzymes for the 
desulfurization of petroleum. That cultures might be found and used for 
such a purpose was suggested by Scott in 1921, and interesting experi­
ments in this area were conducted by Maliyantz (1935, 1936). These men 
and other workers in this area who followed them were largely concerned 
with the extraction of inorganic forms of sulfur. Microbial purifica­
tion of petroleum with respect to organically bound sulfur has rarely 
been mentioned in the literature.
Two patents were issued to Texaco Development Corporation 
(Strawinski, 1950, 1951) which outline procedures for microbial desul­
furization of crude oil. These processes were directed toward the 
removal of organic forms of sulfur. The earlier patent suggested the 
use :of "diverters" such as carbohydrates for the purpose of sparing the 
carbon of the petroleum from attack by the desulfurizing organisms. In 
the supportive data of this patent, the author reported a net reduction
of about 12.5 per cent of the sulfur in a crude oil sample through the 
use of this method. The patent also stressed the use of media 
essentially free of sulfur compounds for isolation procedures and for 
the treatment of the oil.
The second patent claims a method for converting possible oxidized 
forms of sulfur, resulting from desulfurization, to sulfide by the use 
of sulfate reducing bacteria. Sulfide would be easier to remove from 
the petroleum fraction.
Rogoff, Silverman, and Wender (1960) mention the initiation of a 
study of microbial oxidation of aromatic sulfur compounds, with special 
reference to desulfurization of coal.
A recent review of the sulfur compounds found in petroleum has 
been written by Challenger (1959). The reader may also wish to consult 
Starkey (1956) for a brief, but thorough review of microbial transforma­
tions of sulfur. An excellent review on the general metabolism of 
sulfur compounds (Young and Maw, 1958) contains a special chapter on 
microbial metabolism of sulfur compounds.
For the area of general hydrocarbon microbiology, Beerstecher 
(1954) is a standard and excellent reference. Davis (1956) has surveyed 
the microbial decomposition of hydrocarbons and has presented it in 
concise, readable form.
MATERIALS AND METHODS
General Methods
Mineral salts basal media
Medium ML. The mineral salts solution Ml was used for liquid 
enrichments and early isolation procedures. It was composed of 
NaH2P0 4 .H2 0 , 1.0 g; K2HPO4 , 2.0 g; NH4 NO3 , 2.0 g; MgCl2 .6H2 0., 0.25 g;
MnCl2 .4H2 0 , 0.01 g; CaC0 3 , 0.01 g; FeCl2 .4 H2 0 , 0.01 g per L of dis­
tilled water. The pH was adjusted to 7.5 with 1 N NaOH.
Media M3 and M 8 . Mineral salts solutions M3 and M 8 were used in 
isolation, screening, and pure culture studies. They were made in bulk 
(generally 20 L) as two separate solutions. Solution A contained 20 
per cent NaH2P04.H20 and 52.6 per cent K2HPO4 .3H2O. Solution B con­
tained NH4 CI, 1.35 g; MgCl2 -6H2 0 , 0.25 g; MnCl2*4H20, 0.01 g; CaC0 3 ,
0.01 g; FeCl2 *4H 2 0 , 0.01 g per 990 ml distilled water. Solution A 
was autoclaved and handled aseptically to prevent mold contamination.
One L of M3 was made by adding 10 ml of solution A to 990 ml of solution 
B. The pH was adjusted to 7.5 with 1 N NaOH before autoclaving. One 
L medium M 8 was made by combining 20 ml solution A with 980 ml of 
solution B. The pH was adjusted to 8.0 with 1 N NaOH.
Medium M S . Experiments which called for added inorganic sulfur
employed medium MS. As with the two previous media, MS was made from 
two bulk solutions. Solution BS contained NH4 CI, 1.35 g; MgS0 4 .7H2 0 ,
0.3 g; MnCl2 '4H2 0 , 0.01 g; CaC03, 0.01 g; FeS04.7H20, 0.01 g per 980 ml 
of distilled water. Twenty ml of the phosphate solution A described 
above were added to 980 ml of solution BS to give 1 L of medium MS.
The pH was adjusted to 8.0
Methods for converting these various mineral salts basal media to 
complete media are discussed in the pertinent sections below. A summary 
of the composition of these four mineral salts solutions is given in 
Table 1.
Organic sulfur sources
Petroleum fractions. Two fractions of a crude oil from the Kuwait
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fields of the Persian Gulf area were employed as sources of carbon, 
energy, and sulfur in these studies. The lighter fraction (Kuwait 
flashed-crude, designated KFC) represents the residue from a 430 F 
(221 C) distillation of the crude oil. The heavier fraction (Kuwait 
residuum, designated KR) is the residue from the 950 F (510 C) dis­
tillation of Kuwait crude oil. Both fractions were furnished by Esso 
Research Laboratories of Baton Rouge, Louisiana. Some important 
characteristics of these fractions are listed in Table 2.
The Kuwait residuum was adsorbed onto Floridin Regular XXX-A-RVM 
(Floridin Company, Box 989, Tallahassee, Florida) before use in soil 
or liquid enrichments. Ten grams of KR were heated on a porcelain hot­
plate until fluid. An equal weight of the clay (thoroughly dried) was 
mixed with the residuum until a gummy mass was formed. Seven additional 
grams of clay were then mixed into the mass until a fine, dark-brown, 
homogeneous powder resulted. This preparation was used for enrichments, 
therefore it was not sterilized.
Kuwait residuum was used also in isolation procedures as a source 
of carbon and organic sulfur in a semi-solid medium. Two and one-half 
per cent agar (Difco) was added to medium Ml and dissolved in a water
7TABLE 1
Mineral salts solutions for the various media
Mineral Concentration in Millimoles per liter of:
Salts___________ Medium M^ Medium M3 Medium M8 Medium MS
NaH2P0 4 -H20 7.24 14.49 28.98 28.98
K2HPO4 .3H20 11.48 23.05 46.01 46.01
NH4NO3 24.98 _ - -
NH4 CI - 25.23 25.23 25.23
MgCl2 •6H20 1.23 1.23 1.23 -
MgS04-7H20 - - - 1 . 2 2
MnCl2.4H20 0.05 0.05 0.05 0.05
CaC03 0 . 1 0
01—
1
0
0 . 1 0 0 . 1 0
FeCl2-4H20 0.05 0.05 0.05 -
FeS0 4 .7H2O - - - 0.04
pH 7.5 7.5 8.0 8.0
8TABLE 2
Characteristics of Kuwait flashed-crude^
Distilling Range 
of Fraction
Per Cent (v/v) of 
Total Fraction
Gravity
°API
Per Cent 
Sulfur (w/w)
Initial to 221 C 0 0 . 1 43.9 0.3
221 to 371 C 36.1 35.2 1.3
371 to 510 C 26.3 2 2 . 8 2 . 8
510 C plus^ 37.5 8 . 0 5.1
Whole Kuwait 
Flashed Crude 1 0 0 . 0 20.4 3.2
^"These determinations were furnished by Esso Research Laboratories, 
Baton Rouge, Louisiana.
^Note that the 510 C plus fraction is the Kuwait residuum (KR) which 
was used in these studies.
^The values for the 221 C plus fraction (KFC) were determined on the 
whole fraction and not calculated from the intermediate fractions.
bath. The medium was then dispensed into six oz prescription bottles in 
100 ml quantities. Five g KR, which had been molded into rods about the 
diameter of a pencil and kept at -20 C, were added to each bottle. The 
bottles were autoclaved at 121 C for 20 min. While still hot the medium 
was shaken vigorously and poured into a hand homogenizer (E. H. Sargent, 
no. S-61615) which had been fitted with a heating coil to maintain a 
temperature of about 80-90' C (Figure 1, upper). Two-hundred ml were 
worked at a time; about half of the contents of the bowl was pumped 
through and returned to the bowl four or five consecutive times. The 
homogenized preparation was collected in an Erlenmeyer flask in a water 
bath until the desired quantity of homogenate was obtained. Plates were 
poured by a siphoning arrangement from the collecting flask (Figure 1, 
lower). The solidified medium was dark-brown and had a smooth surface.
Kuwait flashed-crude was used for cultivation and maintenance and 
in growth studies. It was added in 10 per cent (by volume) amounts to 
the appropriate medium by the use of syringe. It was autoclaved in the 
presence of the medium (121 C for 20 min for quantities of 200 ml or 
less; 121 C for 30 min for quantities over 20 ml).
Pure compounds. Dibenzothiophene (Matheson, Coleman, and Bell, 
Norwood, Ohio; mp 96-98 C) was used in enrichment, isolation, and screen­
ing. For liquid media it was weighed in desired amounts, placed in 
sterile test tubes, and allowed to incubate at room temperature for at 
least 7 days for autosterilizatiori. The dibenzothiophene was added to 
the appropriate medium in a concentration of 5.76 g per L to provide 0-1 
per cent sulfur. For isolation procedures, a semi-solid medium was pre­
pared in the manner described above for the Kuwait residuum plates. The
Figure 1. Apparatus for making semi-solid media with Kuwait residuum 
and other insolubles.
Upper: hand homogenizer with heating coil.
Lower: siphoning apparatus.
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temperature in the bowl of the homogenizer was maintained at about 100  
C, and the resulting homogenized medium was pumped directly from the 
homogenizer into petri dishes.
Thiophene (Distillation Products Industries, Rochester, New York; 
bp 83-85 C) was redistilled and employed in the same manner as dibenzo­
thiophene. It was used In a concentration of 2.63 g per L to provide 
0 . 1  per cent sulfur.
Culture vessels
Standard 6 oz prescription bottles were used only for the liquid 
enrichments. For most other studies, 4 oz bottles were employed. They 
were narrow mouth, flint glass bottles of "French square" design (E. H. 
Sargent, no. S-8276). Twenty ml of medium was used in these bottles.
For studies requiring larger volumes, either 1/2 or 1 gallon milk 
bottles were used. These were of angular design as pictured in Figure 
2 .
The 6 oz and 4 oz bottles were autoclaved. The milk bottles were 
sterilized by flowing steam for one hour.
For aerobic conditions, the bottles were capped with gauze 
patches (Zobec sponges, 2 x 2  in, Johnson and Johnson, New Burnswick,
N. J.) after sterilization. For reduced oxygen tension, the bottles 
were capped with Saran (Saran Wrap 12, 100 gauge, Dow Chemical Company, 
Midland, Michigan).
Conditions of incubation
Except as otherwise stated, all studies were made using shake con­
ditions (New Burnswick Gyrotory Shaker, New Brunswick Scientific Comapany, 
New Jersey) at approximately 250 ppm and a constant temperature of 30 C.
12
Figure 2. The most commonly used culture vessels.
13
Statistical computations
Methods of statistical analysis employed in these studies were 
those suggested by Croxton, 1953.
k
Enrichment, Isolation, and Screening Methods 
Soil enrichments
Two sets of soil enrichments were carried out. One was made with 
a mixture of soil from 5 different areas around the Louisiana State 
University Campus (designated LSU soil). The other set was made using 
soil from Fawley, England (Fawley Soil). The latter was an oil-soaked 
soil which was collected from an area used for storage of the Kuwait 
crude oil.
These soils were lightly moistened and thoroughly mixed with 0.1 
per cent NH4 NO3 and 0.1 per cent K2HPO4 . Individual kilogram samples 
of these soils were mixed with either 2.6 g thiophene, 5.8 g dibenzo­
thiophene, or 70 g Kuwait residuum-clay mixture (see page 6 ). A fourth 
kilogram sample received no carbon and sulfur source and was used as a 
control. The enrichment samples were kept in 1 L beakers in a large 
metal ice-chest over water to prevent excessive drying. The chest was 
not sealed, but the lid was placed loosely on top.
The enrichments were checked periodically for disappearance of 
substrate, pH, titratable acidity, changes in color, texture, and odors. 
Additional substrate was added at approximately two week intervals in a 
concentration of 0 . 1  per cent as sulfur.
Liquid enrichments
Liquid enrichments were carried out in 6 oz prescription bottles
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containing 40 ml of Ml solution for aerobic conditions and 150 ml Ml 
solution for anaerobic conditions. Thiophene, dibenzothiophene, and 
KR-clay mixture were added to individual sets in a concentration to 
give 0.1 per cent sulfur. An additional control set received no carbon 
and sulfur source. These media were inoculated with 5 per cent Fawley 
soil. Both the aerobic and anaerobic series were incubated at 30 C 
under shake conditions.
At 3 to 4 day intervals the enrichments were transferred (5 per 
cent inoculum) to fresh, identically prepared bottles of medium. The 
pH and titratable acidity were determined at each transfer. Sulfide 
determinations were made on anaerobic enrichments. A total of 9 sub­
cultivations were made over a period of 32 days.
Isolations
Methods of plating. Soil enrichments were plated by sprinkling 
the soil directly onto Ml agar plates containing the appropriate 
carbon-sulfur source or by suspending 5 g of the soil in a 100 ml dis­
tilled water blank and streaking on the plate with a sterile loop.
Serial dilutions of liquid enrichments in distilled water were used for 
streaking Ml agar plants of the appropriate carbon-sulfur source.
The plates were incubated in metal ice chests over water to prevent 
dehydration. Brewer anaerobic jars were used to establish reduced 
oxygen tension when desired. Ambient temperature.(about 25 C) was used 
for incubation of all plates.
Methods for picking colonies. Colonies from the above plates were 
picked with a straight inoculating needle. This was generally facilitated 
by the use of a dissecting microscope to prevent overlooking very small
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colony types. The colonies from dibenzothiophene or thiophene enrich­
ments were picked to 10 ml of M2 medium containing the corresponding 
carbon-sulfur source. Colonies from plates containing Kuwait residuum 
were picked to m 2 medium containing 10 per cent Kuwait flashed-crude.
The isolates were incubated at 30 C under shake conditions.
Screening method for potential desulfurizing bacteria
Isolates were screened for their ability to accumulate inorganic, 
oxidized forms of sulfur. Isolates were incubated for various time 
intervals (from 36 hr to 7 days) in medium M3 containing 10 per cent 
Kuwait flashed-crude.
For cultures which effected an emulsion of the KFC, 10 ml of the 
total sample was assayed for reducible sulfur compounds by the method 
outlined below. For cultures not emulsifying the KFC, 10 ml of the 
aqueous substratum was used for the same assay procedure.
The bioassay medium, SR-III, was prepared in 2 parts: solution 1
contained K2HPO4 .3H2O, 0.65 g; NH4CI, 1.0 g; CaC0 3 , 1.0 g; MgCl2 *H2 0 ,
1.6 g in 990 ml of distilled water; solution 2 contained lactic acid 
(80 per cent), 3 ml; NaOH (25 per cent), 5.5 ml; distilled water, 1.5 
ml. The solutions were combined to give 1 L. One tenth g of FeCl2 -4H 20  
crystals was washed with distilled water and added to the medium. The 
SR-III medium was adjusted to pH 7.5 and was used either without sterili­
zation or was autoclaved in 15 L amounts at 121 C for 30 min.
A 10 ml sample was added to 2 oz prescription bottles. The units 
were inoculated with 0.5 ml of a cell suspension of sulfate-reducing 
bacteria and then filled to the top with SR-III medium. The tightly 
capped units were incubated stationary at 30 C. Samples were set up in
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triplicate and incubated for 3 or more days; the length of incubation 
was determined by the activity of the sulfate-reducing culture on a 
series of sulfate standards prepared and incubated concurrently.
After incubation the sulfide content of the samples was determined 
by the method of Budd and Bewick (1952). This procedure was based on 
the formation of methylene blue from p-amino dimethylaniline. The color 
thus formed was measured at 660 or 710 mp on a Bausch and Lomb 
Spectronic 20 spectrophotometer. The procedure for the complete bio­
assay is given in detail by Knecht (1961).
Pure and Mixed Culture Studies
Culture maintenance
Routine isolates were maintained in mineral salts base M3 con­
taining the carbon-sulfur source from which they were originally iso­
lated. Kuwait flashed-crude was used for the Kuwait residuum isolates. 
Working stocks of the cultures were transferred continuously at 36 to 
48 hr intervals. Master stocks were transferred at monthly intervals, 
incubated for 36 to 48 hr, tightly capped, and stored at room tempera­
ture under stationary conditions.
Maintenance of culture S-2K was handled in the same manner, with 
the exception that medium M 8 containing 10 per cent KFC was used for 
this culture. In addition, a strain of culture S-2K was maintained in 
the presence of inorganic sulfate in medium MS containing 10 per cent 
KFC. This strain was designated S-2S.
Sulfate-reducing culture
The sulfate-reducing bacteria used in these studies were in the 
form of a partially purified culture obtained from soil enrichments
17
and maintained essentially by the methods given by Knecht (1961).
Plate count method
Estimates of the numbers of viable organisms were made by the 
systematic surface streak method of Lindsey (1959). Tryptone Glucose 
Extract Agar (Difco) containing 2.5 per cent agar was used as the 
plate count medium. All counts were made in triplicate.
Identification of culture
Media and stains employed for identification purposes were pre­
pared according to suggestions of the Committee on Bacteriological 
Technic of the Society of American Bacteriologists (1946). Glycerol 
agar slant cultures, 24 hr and 7 days old, were used for acid fast and 
Gram stains. Cells for all other stains and for inoculation of dif­
ferential media were taken from 36 hr slants of Tryptone Glucose Extract 
Agar (TGE).
Analysis of fermentation liquor
Methods for determining volatile neutral compounds, volatile acids, 
and nonvolatile acids of the fermentation liquor were essentially those 
of Pelczar, Hansen, and Konetzka (1955). A Kutscher-Steudel type con­
tinuous extractor (Weissberger, 1950) was used for the extraction of non­
volatile acids.
Resting cell studies
Preparation of cell suspensions. Because of the preference of 
culture S-2 for a nonaqueous environment, it was necessary to use 
special techniques in obtaining cells sufficiently free from the KFC 
carbon-sulfur source. For this purpose KFC was mixed half and half
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(by weight) with a highly aromatic paraffin "wax." This paraffin was 
obtained from Esso Standard Oil of New Jersey, Baton Rouge, Louisiana 
and labeled "1050 F plus paraffin wax from North Louisiana crude oil."
Ten g of KFC-wax mixture (mixed at 100 C in a beaker) was added 
to 100 ml MS base in 6 oz bottles. After sterilization at 121 C for 
2 0 min, the medium was agitated vigorously and processed through a 
heated (approx. 80 C) hand homogenizer (Figure 1). Care was taken to 
maintain sterility. Two hundred ml of the resulting suspension were 
poured into a sterile 1 gal milk bottle. The KFC-wax mixture soon 
coalesced into a spongy mass with a large surface.
An 0.5 per cent inoculum was used, and the culture was incubated 
on a shaker at about 180 rpm for 36 hr. Growth of the cells occurred 
on the surface of the substrate mass, and large numbers of them were 
freed into the aqueous environment by violent agitation. The aqueous 
fluid was centrifuged, and the collected cells were washed 4 times with 
0.05 M  phosphate buffer, pH 7.5.
Cell protein was determined by the biuret method of Stickland 
(1951) using "Vitamin-Free" Casein (Nutritional Biochemical Corporation, 
Cleveland, Ohio) as the protein standard.
Manometric methods. The methods used in these studies of gas 
exchange were those of Umbreit, Burris, and Stauffer (1957). KFC was 
adsorbed onto Floridin clay for use in the manometer vessels. Phosphate 
buffer, 0.05 M, pH 7.5 was-used.
Chemical Tests and Estimations
Titratable acidities
Two and one-half g soil or 3 ml liquid sample were placed in a 100 ml
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beaker. One ml o-xylene and 20 ml freshly boiled, distilled water were 
added to the sample. The sample was titrated to pH 8.0 with 0.01 or 
0.001 N NaOH with a Beckman Zeromatic pH meter. A distilled water- 
xylene blank was used for soil samples. Three ml of freshly inoculated 
medium plus the distilled water and o-xylene were used as a blank for 
liquid cultures.
Cellular sulfur estimations
The total sulfur content of dried cells was determined by combin­
ing the Schonlger oxygen flask method with a colorimetric test for sul­
fate, employing barium chloranilate as the color producing agent. The 
methods used were those of Lysyj and Zarembo (1958 and 1959). The 
oxygen flask apparatus was purchased from F and M  Scientific Corporation, 
New Castle, Delaware. From 1 to 10 mg sulfur per 100 ml combustion 
sample could be determined by comparing with a standard curve prepared 
with dry (Nlfy^SO^. The estimating equation determined for these 
analyses was:
mg S/100 ml = ((O.D. x 14.969)-0.253) t 0.083 
Optical density (O.D.) measurements were made on a Bausch and Lomb 
Spectronic 20 colorimeter.
Sulfur content of petroleum fractions
Total sulfur and aliphatic sulfur content of the petroleum fractions 
were determined by Esso Research Laboratories, Baton Rouge, Louisiana.
Total sulfur was determined by an F e ^  technique similar to that 
described by Hughes and Wilezewski (1954). Aliphatic sulfur was deter­
mined by the general method of Drushel and Miller (1955).
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Spot test for sulfide
The sodium azide test for sulfide of Feigl (1958) was used for the 
qualitative demonstration of sulfide ion in the enrichments.
Colorimetric test for carotenoids
Carotenoid pigments were detected with antimony trichloride in the 
manner described by Snell and Snell (1937).
RESULTS AND DISCUSSION
Part I . An Approach to Desulfurization
Enrichment, isolation, and screening
Enrichment series for the purpose of selecting a flora capable of 
removing organically bound sulfur from dibenzothiophene (DBT), thiophene 
(T), and Kuwait residuum (KR) were set up as described in the methods 
section. Soil enrichments were used because they afford a more natural 
environment; liquid enrichments were used in order to provide a more 
rapid system for selecting the desired organisms. Soil from the storage 
area of Kuwait crude oil (in Fawley, England) was used as source of 
microorganisms in both enrichment series in order to take advantage of 
any natural selection which might have occurred through the years.
Soil from the University area (LSU soil) was also used as a soil enrich­
ment for comparative purposes.
Preliminary isolations from the original soils and various stages 
of the enrichments revealed that little change had occurred in the 
Fawley enrichments, but the flora of the LSU soil enrichments had 
changed markedly. In the LSU soil enrichments, the same colony types 
seemed to be selected regardless of the organic sulfur source employed; 
the controls containing no added sulfur source remained essentially 
unchanged.
Plates inoculated from the various enrichments revealed that the 
flora remained about the same whether incubated aerobically or anaero­
bically. The colony types from the anaerobic liquid enrichment series 
appeared to be the same regardless of the oxygen tension under which they
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were incubated. On the basis of these observations, and because the 
reports of hydrocarbon oxidation by anaerobic bacteria are not convinc­
ing (Davis, 1956), the anaerobic enrichments and isolations were dis­
continued early in these investigations.
The first series of isolations from the various enrichments was 
made when the soil enrichments were 204 days old and had received from 
8 to 14 additions of the organic sulfur source as 0.1 per cent sulfur; 
isolations were made from the liquid enrichments when they had been 
transferred a total of 5 times at about 2-week intervals. The enrich­
ments were continued and isolations were made from them at various 
time intervals. The liquid enrichments were discontinued after the 
eighth subcultivation; the soil enrichments are still being tended 
(initiated 6-10-59).
The enrichments were plated in the presence of their corresponding 
sulfur sources and representative colonies were picked to Ml medium. 
After incubation for 24-48 hr under shake conditions, the isolates were 
replated on Ml agar containing KR, DBT, T, or glucose and also on TGE 
agar for comparative studies.
The predominanting cultures from the various enrichments appeared 
to be Pseudomonas and Achromobacter species regardless of the sulfur 
source used in the enrichments. In addition there was one predominating 
colony type which appeared only on KR plates. It was a cream colored 
colony which grew only on top of exposed globules of KR (see Figure 4, 
page 35). An isolate of this colony type (S-2) was studied in detail 
in Part II of the present paper.
A total of 496 different cultures was screened for desulfurizing 
activity during the course of these investigations. About half of the
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cultures were mixtures and were purposely maintained in a mixed state 
in addition to being isolated into individual pure cultures. The 
possibility exists that the processes of desulfurization being sought 
may not be carried out by one culture, but may require two or more 
symbionts.
In order to screen the isolates for desulfurizing acitivity, a 
number of methods were investigated. Of the various forms of inorganic 
sulfur, sulfide ion is the form which can be quantitated with the 
greatest accuracy and with the least interference from other substances. 
However, the accumulation'of sulfide ion during the process of desulfur­
ization under the conditions that had been established seemed unlikely. 
Therefore, there remained the problem of converting the accumulated end- 
products to sulfide for the purpose of estimation. Attempts to reduce 
chemically various sulfur compounds to hydrogen sulfide were successful 
except in the case of the sulfate ion. Since sulfate would be a very 
likely end-product, this method was discarded.
Sulfate-reducing bacteria have been observed to reduce the major 
forms of inorganic sulfur to hydrogen sulfide in the process of obtain­
ing their energy. A crude culture of sulfate-reducing bacteria was 
isolated from LSU soil for possible use as a biological reducing agent. 
The culture had the morphological and physiological properties of 
Desulfovibrio.
Numerous efforts were made to develop a reliable technic which 
would allow detection of possible desulfurizers on plates containing the 
desired organic sulfur source in Ml agar. Such plates were inoculated 
with dilutions of the enrichments, allowed various periods of aerobic
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growth, flooded with a thin layer of agar medium containing complete 
nutrients for the sulfate-reducers, except for a hydrogen acceptor, 
and seeded with these organisms. Different methods of anaerobic incuba­
tion were then tried to allow ample opportunity for the sulfate-reducers 
to convert any inorganic, oxidized sulfur compounds which may have been 
released from their organic state to sulfide ion. Any sulfide produced 
would have been made evident by its combination with ferrous ions of 
the medium. The reverse technic was also tried, layering mineral salts- 
organic sulfur source agar thinly over seeded sulfate-reducer medium and 
incubating aerobically. None of the variations tried gave dependable 
results when sulfate was spotted into the agar for the purpose of 
simulating desulfurization. Efforts were then turned to the development 
of a screening method which would give quantitative data in addition to 
detection of desulfurizing cultures.
For this purpose, isolates from the various enrichments were all 
inoculated into M3 medium containing 10 per cent KFC (Kuwait flashed- 
crude) regardless of the sulfur source on which they had been enriched. 
Medium Ml had to be modified for the purpose of this screening method, 
because the nitrate ion may also be used as a hydrogen acceptor by 
some sulfate-reducers. Also, the buffer concentration was increased, 
for it was noted that the majority of isolates preferred a higher buffer 
concentration for optimum growth. The modified Ml was called M3.
After incubation under shake conditions for 18 hr to 7 days, 
aliquots of the culture fluid were placed in 2 oz prescription bottles.
A heavy inoculum of sulfate-reducer cell paste was added, and the 
bottles were filled to the top with a nutrient medium lacking a hydrogen
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acceptor for the sulfate-reducers. Length of Incubation was 3-4 days at 
30 C, determined by a series of Na2S0 4 standard samples included with 
each set of determinations. Adequate controls were included to determine 
the effect of the KFC on the activity of the sulfate-reducing bacteria.
After incubation, aliquots were tested for sulfide ion content 
by the colorimetric procedure of Budd and Bewick (1952) based on the 
formation of methylene blue from an amine precursor in the presence of 
sulfide ion. From 50-250 pmoles sulfur per L could be determined at 
a wave length of 660 mp; concentrations from 200-1500 pmoles sulfur per 
L could be estimated at 710 nyi.
Although this screening method was time consuming, it offered the 
advantages of reliability, sensitivity, and flexibility. The develop­
ment of this screening method represents a joint effort, and the pro­
cedure and media are described in greater detail by the author's co­
worker (Knecht, 1961).
Approximately 500 cultures, mixed and pure, were screened by this 
method. Only 12 cultures gave any evidence of possessing the ability 
to transform the organic sulfur of KFC into reducible, inorganic sulfur. 
The activity of each was in the lower order of sensitivity of the screen­
ing method and represented slightly less than 0 . 1  per cent desulfur- 
ization. Four different colony types were represented in these 12 
isolates. One was the cream colored colony mentioned previously as 
growing only in the globules of KR on plates. This culture was desig­
nated S-2 and is described in detail in Part II. Another of the colony 
types was a large, white, mucoid colony of motile, Gram negative rods-- 
probably an Achromobacter species. This culture was designated A-9.
26
The other two colony types appeared to be pseudomonads on TGE agar.
On KR plates they produced small, flat, very thin, grainy colonies.
One was an iridescent green (culture PS-4) and the other was an 
iridescent pink by reflected light (PS-5).
All four cultures grew profusely and rapidly on KFC as the sole 
source of carbon, energy, and sulfur. Numerous subcultivations in 
mineral-salts medium with KFC seemed to promote these activities rather 
than detract from them. This suggested that the organisms were capable 
of transforming the sulfur of the KFC into a form which could be 
utilized for growth, but were not accumulating a form of sulfur which 
could be reduced to sulfide ion by the sulfate-reducing bacteria. Up 
to this point, screening had been for cultures which would accumulate 
such an end-product.
With this in mind, it was desired to know if a reduction in the 
total sulfur content of treated KFC could be demonstrated. Twenty ml 
of KFC was added to 200 ml of M 8 medium in gallon milk bottles. A 36 
hr culture of each of the four cultures was used as an inoculum (5 per 
cent) in duplicate bottles. A fifth duplicate set received an inoculum 
of 1.25 per cent of each of the cultures to give a mixed inoculum. A 
duplicate set of uninoculated controls was included. All samples were 
incubated for 36 hr on a rotary shaker and the duplicate samples were 
then pooled. Thiophene-free benzene was added (40 ml to each of the 
pooled samples) and the pH adjusted to 2.0 with concentrated HC1. The 
KFC-benzene mixture x?as separated from the aqueous phase by centri­
fugation. The oil layer was then centrifuged in the presence of excess 
KOH to remove moisture. The benzene was distilled off until the
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temperature of the oil reached 150 C. A few drops of oily liquid, 
miscible with benzene and immiscible with water, was observed to distill 
off with the last traces of benzene. This was presumably part of the 
"initial to 221 C" fraction indicated in Table 2, page 8 . Aliquots of 
the samples were analyzed for total sulfur content by Esso Research 
Laboratories. A summary of the results is given in Table 3. It can 
readily be seen that total sulfur content increased in each case over 
the untreated control and that aliphatic sulfur increased in the case 
of the one sample for which it was determined. The data would be more 
meaningful if carbon consumption by these cultures could also be given. 
However, attempts to quantitate the amount of carbon utilized by the 
various organisms were unsuccessful.
With the unsuccessful attempts to demonstrate either significant 
accumulation of inorganic forms of sulfur or significant reduction in 
the total sulfur content of Kuwait flashed-crude, a new emphasis was 
placed on the present survey. This is the subject of Part II of this 
project.
Discussion of an approach to desulfurization
There are several tenets which point to the feasibility of micro­
bial desulfurization of petroleum.
1) All living cells require sulfur in some form for their sub­
sistence.
2) Microorganisms have the capacity for transformation of diverse 
forms of inorganic and organic sulfur.
3) Microorganisms are capable of deriving their total carbon and 
energy from the organic structures of petroleum.
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Effect
TABLE 3
of selected cultures on the total 
sulfur content of Kuwait flashed
and aliphatic 
crude^
Per Cent Per Cent
Culture Total Sulfur Aliphatic Sulfur
A-9 3.1
S-2 3.2 1 . 0 2
PS-5 3.2
PS-4 3.25
Mixture of all 
four cultures 3.3
Untreated control 3.0 0.91
■^These data were furnished by Esso Research Laboratories, Baton Rouge, 
Louisiana. Aliphatic sulfur determinations were made only on the two 
indicated samples.
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4) Many microorganisms accumulate transformed sulfur compounds 
externally when provided a plentiful supply of sulfur source 
(see Starkey, 1956).
These tenets seemed substantial enough to warrant investigations 
of the possibility of obtaining microorganisms whose activities could 
be directed toward the purification of petroleum fractions containing 
large amounts of organically bound sulfur*
For these cultures to be of value in a commercial purification 
process they would need to be:
1) capable of splitting organic sulfur radicals of the 
petroleum fraction and of releasing the sulfur in a form 
which could readily be removed (preferably as hydrogen 
sulfide or other water soluble forms);
2 ) capable of performing this activity with a minimum 
utilization of carbon of the petroleum fraction and with­
out producing unfavorable changes in its properties 
(carbon of the petroleum could be protected, perhaps, by 
the use of a diverter as suggested by Strawinski, 1950);
3) capable of desulfurizing rapidly and with high percentage 
of sulfur removal;
4) capable of performing this activity under conditions which 
are practical and economical.
Conditions 1 and 3 were selected for major consideration in these 
investigations. It seemed desirable to substantiate that cultures of 
these capabilities could be obtained, before considering the economics 
of the process with which 2 and 4 had been directly conderned.
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The classical approach for obtaining microorganisms of particular 
abilities is to set up conditions such that the growth of these micro­
organisms would be favored over the growth of others in a composite 
microbial mixtrue such as soil. This approach has been taken in these 
investigations, but even with such a proven method, many assumptions had 
to be made in setting up the proper enrichment conditions. To have 
known the exact structures of the sulfur containing compounds of the 
petroleum fraction selected for these studies would have allowed a more 
positive approach. However, very little was known of these structures. 
Spectrographic data suggested that the majority of the sulfur is tied up 
in ring structures of the thiophene type and that a small amount is 
present in aliphatic combination (Kimberlin, 1959-1961). Data from the 
same source also suggested that only trace amounts of inorganic sulfur 
compounds, if any at all, are present in the Kuwait fractions.
The basic assumptions which were made in setting up the enrichment 
program are listed below:
1) Essentially all the sulfur in Kuwait residuum is organically 
bound, the majority in the form of the thiophene type struc­
ture .
2) The organically bound sulfur of the KR would serve as the 
sole sulfur source for the microorganisms sought.
3) The sulfur linkage in a ring structure would be a favored 
point of attack for certain microorganisms, and that this 
structure might form the desired starting point for obtain­
ing carbon by the same microorganisms (the sulfur atom of 
dibenzothiophene is not involved in resonance, thus would be 
a likely point of attack; see Charles and Freiser (1950).
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4) A culture capable of splitting the ring at the sulfur atom
could be forced under proper conditions to accumulate the
sulfur in large amounts in an inorganic form.
5) The processes of handling the KR do not contaminate it with
inorganic sulfur, nor do they transform any organic sulfur
compounds to inorganic forms.
6 ) Microorganisms with potential enzyme systems for the desired 
activities are present ubiquitously in soil, and soil from 
the area of storage of Kuwait oil may already contain micro­
organisms selected over the years for the desired activities.
Assumption 5 did not give much cause for worry until early in the 
isolation phase of the project. At this time it was desired to sterilize 
the KR-clay mixture for its use in maintaining pure cultures. For this 
purpose, the adsorbed KR was heated at 170 C for 4 hr on two consecutive 
days. Heating the KR in a finely subdivided state in the presence of 
oxygen unexpectedly caused the release of inorganic oxidized sulfur com­
pounds. This was not detected until the bioassay procedure for inor­
ganic sulfur (mentioned previously) was perfected. It was thus 
necessary to discard a large number of the initial isolates because 
they had been subcultured in the presence of considerable quantities of 
inorganic sulfur.
In addition to the assumptions outlined above for the enrichment 
conditions, the following considerations were kept in mind during the 
isolation phase:
1) An actively desulfurizing culture may create a good medium 
for the growth of many other microorganisms, so very young 
cultures must be used for isolation purposes.
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2) Even in very young cultures, the "healthiest" or most pre­
dominant type will not necessarily be the most active desul-
furizer. Thus, representatives of all colony types must be 
taken for screening.
3) No single culture may by itself produce active desulfuriza­
tion in the manner expected, whereas an interrelationship
between two or more different cultures may. To cover this 
possibility, many impure isolates were maintained in the 
mixed state, and many pure cultures were screened in combina­
tion with other pure cultures.
Even with the most fundamentally sound bases for enrichment and 
isolation, there remains the necessity of devising methods for detecting 
the cultures being sought. Every method considered for the detection 
of desulfurizing cultures had many serious objections, but the one 
finally selected and worked out, the bioassay procedure, seemed the 
most promising. With this method as little as 0.1 per cent desulfuri­
zation of 0 . 1  per cent organic sulfur could be detected.
From this discussion it should be apparent that many assumptions 
went into the design of this program and that many restrictions and 
demands were placed on the microorgainsms. It is not surprising, only 
disappointing, that the desired cultures were not obtained. The reasons 
for this failure may be many or few; the assumptions made initially may 
be largely incorrect or may be essentially true; this overall approach 
to finding active desulfurizers may or may not be a good one. Part II 
of these studies was undertaken in hopes of shedding some light bn these 
questions.
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It should be mentioned at this point that Knecht (1961) used the 
approach outlined above to obtain a culture capable of oxidizing 
dibenzothiophene and accumulating inorganic sulfur in the process (as 
much as 0.6 mg per L from 0.2 per cent dibenzothiophene). Although the 
crude culture from which the dibenzothiophene oxidizer was obtained had 
been maintained for several transfers on Kuwait residuum prior to its 
isolation, no desulfurizing activity could be shown on KR or KFC by the 
.bioassay method.
Part II. A Detailed Study of One Isolate
Choice of culture
An isolate from the previously discussed enrichment program, 
culture S-2, was selected for extensive studies for the following rea­
sons:
1) This culture was obtained from soil collected from an area 
where a high sulfur containing crude was stored.
2) Culture S-2 was further enriched through repeated transfer 
in liquid mineral-salts medium containing Kuwait residuum 
as its sole carbon and sulfur source.
3) It came from a predominating; colony type in these enrichments.
4) This organism showed a great affinity for the Kuwait residuum 
and Kuwait flashed-crude.
5) It was capable of rapid and abundant growth on KR or KFC as 
its sole source of carbon, sulfur and energy.
6) Culture S-2 was the only colony type that produced substantial 
amounts of titratable acidity in medium M 8 containing KFC.
34
(This would give an easily determined measure of activity).
Characterization and identity
Characteristics of S-2 on petroleum fractions. When streaked on 
mineral salts agar plates containing homogenized KR, colonies of S-2 
were confined to the large globules of oil at the surface of the plates. 
This phenomenon can be observed in Figure 3. Practically every globule 
of KR exposed to the atmosphere contains one of the cream colored 
colonies. When these colonies were picked with an inoculating needle, 
it was observed that the colony extended throughout the globule and 
was not confined to the surface.
This affinity of the cells for the oil phase was not limited to 
growth on semi-solid media, but was further dramatized in liquid culture. 
When supplied with 10 per cent KFC in medium M 8 or MS, its growth is 
exclusively in the oil phase. Several photographs have been included to 
demonstrate this phenomenon. Figure 4 (upper) shows a cluster of cells 
in KFC (the entire field is within the oil phase). Below it, Figure 4 
(lower), a slightly deeper view of the same field shows that the cluster 
has been formed around droplets of aqueous menstruum.
No aqueous envelope could be observed around the cells. If such 
existed they should be clearly discernible due to the difference in 
refraction between oil and water. In Figure 5 (upper), three small oil 
droplets containing cells of S-2 can be observed in the aqueous phase; 
note the absence of cells free in the aqueous phase. Figure 5 (lower) 
may show more clearly the absence of a discernible aqueous envelope on 
these cells in the oil phase. Figure 6 shows the presence of minute 
droplets, presumably aqueous medium, on cells in the oil phase.
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Figure 3. Culture S-2 on plate of homogenized Kuwait residuum agar. 
The plate is 9 days old.
THie cream to orange colonies can be seen on top of the dark 
brown globules of the oil.
Magnification is 20X.
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Figure 4. Photomicrographs of culture S-2 in oil phase.
Slightly different focus of the same field shows that cells 
(upper) are clustered around globules of aqueous phase 
(lower).
A 36 hr culture in medium M 8 with 10 per cent Kuwait flashed-- 
crude. 1125X.
Figure 5. Photomicrograph of culture S-2. 1125X.
Upper: three small globules of oil are observed to be
gorged with cells. Note absence of cells within 
the aqueous phase. 48 hr culture.
Lower: cells in oil phase. Note the "v's" and palisades.
12 hr culture.
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Figure 6 . Photomicrograph of Culture S-2. Minute droplets may be 
observed attached to the cells in the oil phase. These 
are presumed to be droplets of aqueous medium.
Culture 24 hr in MS medium. 1125X.
In very old cultures, a few cells begin to appear in the aqueous 
phase, but appear only to be crowded out by the profuse growth within 
the oil phase. Figure 7 is a two weeks old culture1of S-2 in medium MS. 
Crystal violet solution was introduced under the cover slip, and it can 
be observed that the tips of the cells, apparently protruding through 
the oil-water interphase, are stained more deeply than the rest of the 
cell. In younger cultures, the cells may be stained in the oil phase 
by agitation in the presence of aqueous dyes prior to placing on the 
slide.
Microscopic effects of culture S-2 on KFC are shown in Figure 8 . 
Bottle 1 is an uninoculated control of M 8 medium with 10 per cent KFC. 
Bottles 2 and 3 are cultures of S-2 which were incubated for 18 and 36 
hr, respectively, on a rotary shaker. The bottles were allowed to stand 
for 24 hr before the picture was taken to show the greater amount of 
stable emulsion formed as the culture gets progressively older.
The characteristics of culture S-2 growing on KFC are essentially 
the same when grown in medium MS with n-hexadecane or n-octadecane as 
carbon and energy sources. In addition, a pink pigment which deepens 
to a bright orange may be noted on these colorless hydrocarbons.
Characteristics of S-2 on conventional media. Culture S-2 was 
streaked from its KFC culture media onto glycerol agar slants and in­
cubated for 48 hr at 30 C. The slants were used to inoculate con­
ventional media and to make acid fast stains. TGE agar slants and 
plates were prepared in the same manner and used for Gram stains and 
photographs at different ages.
The microorganisms in young culture were rods, tending toward
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Figure 7. Photomicrograph of culture S-2 in color. Oil globules 
are crowded with cells, and those cells at the surface 
appear to be partially in the aqueous phase, since crystal 
violet dye stains the end of the cells more deeply. A 2 
week old culture in MS medium. 1125X.
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Figure 8 . Macroscopic effects of culture S-2 on Kuwait flashed- 
crude in liquid medium, 1) uninoculated control, 2)
18 hr culture, 3) 36 hr culture.
The bottles were allowed to stand for 24 hr before the 
photograph was taken in order to demonstrate the relative 
stability of the emulsions in bottles 2 and 3.
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pleomorphism, with frequent club and dumbbell shapes. Palisading and 
"chinese-letter" arrangements were frequent. The rods, straight and 
curved, were observed to form coccoid and globular shapes in older cul­
tures. The cells were nonmotile, weakly Gram positive, and nonacid-fast 
at all ages tested (from 12 hr to 7 days). No endospores were observed, 
nor was any branching noted.
The culture formed nondiffusible pigments on all media, liquid or 
solid, including the media containing petroleum fractions. The pigment 
was invariably pink in young cultures, becoming a deep orange in older 
cultures. The pigments, dissolved in chloroform, gave the blue color 
with antimony trichloride which is characteristic of carotenoids.
Figure 9 (upper) is a 4 day old culture on TGE agar; Figure 9 (lower) 
is 6 days old on the same medium. The colored back-lights bring out 
more truly the color of the colonies as observed by the unaided eye.
Culture S-2 grows moderately well on TGE, asparagine, and glycerol 
agar, but scantily on nutrient agar and in nutrient broth.
Acids were not produced in the carbohydrate broths tested 
(glucose, sucrose, maltose, xylose, mannitol, salicin, lactose, and 
glycerol). Growth did occur in the broths. The cells did not produce 
a turbid suspension, but settled to the bottom of the tubes and formed 
slight pellicles on glucose, mannitol, and sucrose. Citrate was not 
used as a sole carbon source.
The culture was catalase positive, did not hydrolyze starch nor 
liquefy gelatin. Nitrites were not produced from nitrates. No growth 
was observed in nitrate broth. The culture produced no changes in 
litmus milk.
Figure 9 Color photographs of culture S-2 on TGE agar. 
Upper: colonies four days old. 20X.
Lower: colonies six days old. 20X.
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These data indicate tha the culture should be classified as an 
Arthrobacter sp. according to Breed, Murray, and Hitchens (1957).
Effect of environmental changes on the activities of S-2
In order to have a rapid, yet meaningful measure of activity for 
culture S-2, titratable acidities (TA) were measured. The general 
procedure is given in the materials and methods. Since about 35 mM 
NH4 CI was used as a nitrogen source in these media, it was recognized 
that at least part of the TA was caused by the release of Cl ions upon 
utilization of NH4 ions. Another part of the TA was undoubtedly due 
to dissolved C02* A third part of the TA was determined to be due to 
the formation of organic acids and is discussed in a later section. 
These three factors, however, are all related to growth and utilization 
of the components of RFC, so give a convenient measure of activity. In 
all cases, the TA of a freshly inoculated control was subtracted from 
the TA of the samples.
Medium MS containing 10 per cent KFC was inoculated with S-2 in 
ten replications, incubated on a rotary shaker for 36 hr, and each 
replicate was titrated in triplicate. The variation of each reading 
from the average was used to calculate the standard deviation. The 
standard deviation was "tO.46 meq per L at 22.31 meq per L.
Hydrogen ion concentration. Medium M3 was adjusted to various pH 
values before autoclaving. Ten per cent KFC was added and the exact 
PH was determined after autoclaving. The samples were inoculated with 
a 36 hr culture of S-2K (5 per cent inoculum). Titratable acidities 
were determined at 24 hr incubation time, and the results (Figure 10) 
indicate an optimum between 7.5 and 8.0.
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Figure 10. Kffect of pH on acid production by culture S-2.
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Buffer concentration. A buffer concentrate containing K2HPO4 .3H20, 
36.5 g, and NaH2P0 4 *H2 0 , 5.5 g per 100 ml distilled water, was used to 
provide different buffer concentrations to the mineral salts solutions 
B of M 8 and MS. Each medium was adjusted to pH 8.0. The samples were 
sterilized and inoculated with 5 per cent of 36 hr cultures of S-2K or 
S-2S. The results are summarized in Table 4. Buffer concentrations 
below approximately 80 mM appeared limiting in the case of both strains 
(whether sulfate was provided the organisms or not). Media MS and M 8 
ordinarily contained 75 mmoles per L.
Aeration and mixing. Medium MS (with 10 per cent KFC) in 1/2 gal 
milk bottles was inoculated with a 36 hr culture of S-2S. Duplicate 
samples containing a total volume of oil and medium of 55, 220, 550, and 
1100 ml were incubated under shake conditions. Titratable acidity was 
determined on 3 to 5 ml aliquots at periodic time intervals. After 48 
hr incubation, the volume of the sample was measured and all values 
were corrected for evaporation (assuming a constant evaporation rate).
The results are presented in Figure 11.. Accumulation of acid appeared 
to decrease with increasing volume of medium except for the 55 ml samples. 
This may be explained on the basis of insufficient mixing in these 
samples as compared to the 3 larger volumes. The data do indicate, how­
ever, that acid accumulation increased with increased aeration, since 
mixing was effectively the same in the 3 larger volumes.
Further substantiation of this effect is presented in Figure 12.
This experiment was set up in the manner described above, with the 
exception that 50 ml of MS medium and 5 ml KFC were added to 4 oz bottles. 
Three such units were capped loosely with sterile gauze; three others
TABLE 4
Effect of buffer concentration on culture S-2
Titratable Acidities (meq/L)
Buffer
(mM)
Strain S-2S in MS Strain S2-K in M8 Terminal pH (60 hr) 
S-2S S-2K18 hr 36 hr 60 hr 18 hr 36 hr 60 hr
0 4.7 1.7 1.7 1.7 3.0 2.3 4.3 4.0
20 7.7 13.0 13.7 8.7 15.3 14.3 4.7 5.1
40 10.7 20.7 24.0 10.3 19.7 20.3 5.8 6.4
80 13.3 23.7 27.0 10.7 25.0 23.3 6.7 6.9
120 10.7 23.7 26.3 10.3 24.3 26.0 7.0 7.1
160 1 1 . 0 23.3 27.0 8.3 22.7 25.7 7.2 7.2
2 00 1 2 . 0 24.3 27.7 9.7 24.0 26.3 7.3 7.3
300 15.7 23.7 28.7 1 1 . 0 22.3 25.3 7.35 7.4
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Figure 11. Effect of aeration and mixing on acid production by 
culture S-2.
Values were corrected for evaporation.
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Bottles Loosely 
Capped with Gauze
20
Bottles Tightly Capped 
with Saran
30 35 45 50
INCUBATION TIME (HOURS)
Figure 12. Effect of aeration on acid production by culture S-2.
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were closed off air tight with Saran. Note that acid production is 
essentially the same in both sets of bottles until about 30 hr when 
presumably the oxygen supply was exhausted in the tightly capped 
samples.
Substrate concentration. Kuwait flashed-crude was added to medium 
MS to give a total volume of 100 ml in concentrations of 1, 10, 25, and 
50 per cent. These samples were set up in triplicate in 1/2 gal milk 
bottles. They received 5 per cent of a 36 hr culture of strain S-2S 
and were incubated on a rotary shaker for a total of 84 hr. Titratable 
acidity was measured at 36 hr and upon termination of the experiment. 
Table 5 summarizes the results of this experiment. Acid content of the 
whole aliquot (oil phase plus aqueous phase') is recorded as determined; 
it appears quite irregular. However, it would seem of greater signifi­
cance if the TA's were based on the volume of aqueous phase only. These 
figures, also included in the table, were calcualted from the TA's of 
the whole samples. When viewed in this manner, the data indicate in­
creased acid production with increased substrate. The only discrepancy 
seems to be the 25 per cent samples. This may easily be explained from 
an observation of the physical state of the emulsions formed. With 
these particular samples, a water in oil emulsion was formed which was 
very thick and allowed very little mixing; whereas the other samples 
were fluid. The 50 per cent samples also went through such a phase of 
restricted mixing during the first 24 hr, which may explain the apparent 
lag with these samples.
Sources of carbon, nitrogen, and sulfur for culture S-2
Carbon sources. Seventy organic compounds were tested for their
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TABLE 5
Effect of substrate concentration on acid 
accumulation by culture S-2
______ Titratable Acidity (meq/L)
Per Cent Whole Sample" Aqueous Phase^ Nature of the
KFCl_________36 hr 84 hr______ 36 hr 84 hr_________Emulsion
1 2 0 . 0 2 2 . 0 2 0 . 1 2 2 . 2 o/w, fluid
10 26.4 28.7 29.3 31.9 o/w, fluid
25 6 . 6 17.7 8.9 23.6 w/o, thick
50 7.6 21.3 15.3 42.6 w/o, fluid
^Kuwait flashed-crude.
^Calculated from values obtained for the whole sample.
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ability to serve as sources of carbon and energy for culture S-2. All 
compounds were added to MS medium in concentrations of 1.0 and 0.1 per 
cent and incubated under the same conditions used for KFC oxidation.
Volatile liquids were sterilized by filtration, as were 10 per 
cent solutions of glucose and urea. These compounds were added asepti- 
cally after the basal medium had been autoclaved. All other compounds 
were added before autoclaving. Solid compounds which were insoluble were 
finely subdivided in a mortar when possilbe. No attempt was made to use 
adsorbents with the insoluble liquids.
The pH of samples was adjusted to 8.0 before autoclaving where 
possible. The pH of all samples was determined to be between 7.7 and 
8.0 after sterilization. An 0.05 per cent inoculum of culture S-2S (36 
hr) was used. All samples were made in triplicate. At the end of 36 hr 
incubation, the triplicate samples were pooled and used to inoculate 
(0.05 per cent inoculum) identically prepared triplicate samples. These 
measures were necessary to ensure that growth was not the result of KFC  
transferred with the original inoculum. Counts in the original control 
samples containing no added carbon source were generally about 1 billion 
cells per ml at the end of 36 hr. The second control usually contained
about 1 million cells per ml.
*?At the end of a second 36 hr incubation period, counts were made 
on TGE agar; titratable acidities were determined in the case of the
i
hydrocarbon substrates. Counts of more than 100 times the control (no
added carbon source) were taken to indicate that the compound could
serve as a source of carbon for the organisms. Likewise, counts 100 
times less than the control were taken to indicate inhibition or
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toxicity. In a few instances where there was reasonable doubt as how 
to classify a compound, the substrates were re-run. These compounds 
invariably fell into the nonutilizable category. All compounds which 
appeared to be utilized were tested at least two additional times in the 
same manner and invariably were classified as utilizable. The conclu­
sions of these studies are given in Table 6 .
Nitrogen sources. Experiments to determine nitrogen sources for 
culture S-2 were set up as for the carbon sources. The exceptions were 
that KFC was added to nitrogen-free MS medium and various nitrogen 
compounds were added in quantities to give 25 mM nitrogen. Inoculum in 
this case was obtained from a 48 hr culture of S-2S. The inoculum cul­
ture was allowed to stand several hours, and an aliquot containing 
largely oil phase was taken for the Inoculum in order to reduce the 
amount of NH4  ion carry-over. This aliquot was added in 0.1 per cent 
concentration as an inoculum. The results of this study are summarized 
in Table 7.
Sulfur sources. Determination of sulfur sources for culture S-2 
was conducted with medium M 8 containing 1 per cent n-hexadecane as the 
carbon source. The sulfur compound was added as 0.1 per cent sulfur. 
General methodology was the same as for the two preceding studies. The 
inoculum was 0.05 per cent of a 36 hr culture of strain S-2K.
The results of this study (Table 8 ) were not so conclusive as were 
the results of the carbon and nitrogen source studies. This was partly 
due to high negative control counts (about 10^*5 cells per ml). Also, 
difficulty in obtaining certain desired sulfur compounds precluded further 
studies. The compounds listed as serving as sulfur sources for this
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TABLE 6
Compounds tested as carbon sources for culture S-2
Compounds Utilized:
n-hexadecane
n-octadecane
cholesterol
acetic acid 
propionic acid 
phenyl propionic acid 
n-butyric acid
palmitic acid 
stearic acid
Compounds Not Utilized:
n-decane
n-heptane
n-octane
cyclohexane 
benzene 
naphthalene 
anthracene 
phenanthrene 
toluene 
sec-amyl benzene 
tert-amyl benzene 
n-butyl benzene 
sec-butyl benzene 
tert-butyl benzene
formic acid 
capric acid 
myristic acid 
oleic acid 
phenyl acetic acid
1 -naphthalene acetic 
succinic acid 
D,glutamic acid 
D,glucose 
glycine 
DL,alanine 
L,leucine 
L,asparagine 
L,tyrosine 
DL,methionine 
L,cystine 
creatine
acid
urea
methylamine 
sulfosalicylic acid 
iso-amyl sulfide 
n-hexyl sulfide
phenyl sulfide 
benzyl mereaptan 
thiophene 
dibenzothiophene
Compounds Inhibitory at 0.1 Per Cent:
n-valeric acid 
lauric acid 
p-phenyl phenol
o-hydroxybenzyl alcohol 
benzyl alcohol 
resorcinol 
catechol 
beta-phenylethyl alcohol 
capryl alcohol 
n-octyl alcohol 
tert-amyl alcohol 
phenol
1 -naphthol
2 -naphthol
1 ,2 -naphthoquinone 
1 ,4-naphthoquinone 
salicylaldehyde 
N-benzyl methylamine 
thionaphthene 
: benzyl thiophene 
penicillin G
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TABLE 7
Compounds tested as nitrogen sources for culture S-2
Compounds Utilized:
NH4CI
NH4 NO3
KNO3
methylamine
DL,alanine 
L,leucine 
L, tyrosine 
D,glutamic acid
urea
Compounds Not Utilized:
DL,methionine 
L,cystine 
glycine 
creatine 
N,benzyl methylamine
TABLE 8
Compounds tested as sulfur sources for culture S-2
Utilized:
DL,methionine 
n-hexyl sulfide 
iso-amyl sulfide
sulfosalicylic acid
Not Utilized:
L,cystine
phenyl sulfide 
benzyl mercaptan 
thiophene 
dibenzothiophene
Inhibitory:
thionaphthene 
penicillin G 
benzyl thiophene
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organism gave counts at least 100 times that of the negative control.
The ones listed as toxic gave counts of zero from a 10"2 dilution. The 
other compounds, listed as "not utilized" gave counts within 30 times 
the negative control counts.
Discussion of carbon, nitrogen, and sulfur sources for S-2. The 
data presented in this section indicate that culture S-2 has a very 
strong preference for aliphatic hydrocarbons of chain lengths of 16 
carbons or above. The mode of attack is also indicated by its preference 
for 16 and 18 carbon saturated fatty acids and fatty acids from 2-4 
carbon in length. The metabolism of this organism appears to be similar 
to that of nocardia studied by various workers (see Beerstfeeher, Webley, 
Duff, and Farmer, 1956). An American Type Culture Collection strain of 
Corynebacterturn simplex (Jensen 6946) was described by Cribbins (1949), 
which utilized aliphatic hydrocarbons of 1-18 carbon atoms with the 
production of appreciable amounts of acid. This culture may be similar 
to S-2 in metabolism of hydrocarbon in addition to the taxonomic 
relationship.
The reader should be reminded at this point that it was not the 
purpose of these studies to prove the utilization of any particular sub­
strate by culture S-2. Rather a study was made of the over-all tendencies 
of this culture toward various substrates under conditions similar to 
those of usual maintenance of this culture. Although every effort was 
made to obtain the purest grades of the various compounds for this pur­
pose, it was recognized that so-called pure compounds may be far from 
this ideal state. Also, growth per se can not be taken as proof of the 
utilization of a given compound.. Yet, when viewed in their complete
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aspects, the data presented here offer interlocking tendencies which can 
not be mistaken.
In short, the data indicate that culture S-2 may derive its total 
carbon and energy from aliphatic hydrocarbons of chain lengths containing 
16 or more carbon atoms. This is in keeping with the present knowledge 
of the hydrocarbon structures of Kuwait flashed-crude. Spectrographic 
data indicate that the major components are aromatic structures, heavily 
substituted with long chain paraffins. The preliminary data on organic 
sulfur sources suggest that the culture may obtain its sulfur from the 
aliphatic sulfur compounds of KFC. Kimberlin (1959-1961), reported that 
KFC contains about 0.9 per cent aliphatic sulfur by weight (see Table 3). 
When the petroleum fraction is used in the concentration of 10 per cent, 
as was usually the case in these studies, the culture is provided 0.09 
per cent sulfur in the form of aliphatic compounds. This may be suf­
ficient for growth of the culture, without providing enough of an excess 
for release of inorganic sulfur into the medium. According to the data 
in Table 3, culture S-2 promoted an increase in aliphatic sulfur in KFC, 
but as in the case of the total sulfur content, this may only be an 
increase in relation to the more extensive decrease of carbon in these 
samples.
Analysis of fermentation liquor
Of the many hundreds of cultures studied during this project, 
culture S-2 was the only colony type that produced appreciable amounts 
of acid from the oxidation of KFC- The possible roles of chloride and 
bicarbonate ions in measured titratable acidities has already been
mentioned. However, many isolates were studied which produce equally 
abundant cell crops in the same media from the oxidation of KFC without 
a corresponding increase in TA. These cells must have been using NH4  
ions also. And too, the extremely fine and stable emulsions produced 
by culture S-2 were indicative of organic acid production, especially 
since the emulsions could be broken by a very low pH and made stable 
again at high pH.
In order to get more conclusive proof of organic acid accumulation, 
culture S-2K was inoculated into M 8 medium in gallon milk bottles con­
taining 1 L of medium and 100 ml KFC. After 36 hr incubation, 250 ml of 
the aqueous phase was separated from the oil by centrifugation. Volatile 
neutral compounds were collected by direct distillation of the liquor at 
pH 7.5. One half the original volume was collected. The distillate 
was refluxed with dichromate, redistilled, and the volatile acids pro­
duced were titrated with standard base and determined to represent 0.23 
meq per L. The residue from the direct distillation was steam distilled
at a pH of 2.0, collecting a total of 600 ml. The distillate,■con­
taining the volatile acids, was titrated with standard base. The 
volatile acids represented 2.27 meq per L of the original beer. The 
residue from the steam distillation was extracted with ether; the ether 
solution was re-extracted with standard base. The nonvolatile acids 
calculated on the basis of the original beer represented 3.42 meq per L. 
Thus, only about 27.5 per cent of the original titratable acidity (18.4 
meq per L) was accounted for. The majority of the very long chain acids
may not be included in these determinations due to their solubility in
the oil fraction.
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Sulfur content of cells of strains S-2K and S-2S
Strain S-2K was isolated in the relative absence of added inorganic 
sulfur and maintained in a medium as free of inorganic sulfur as was 
possible. The maximum amount of sulfur in M 8 added with the mineral 
salts (from analyses on the labels) was less than 1 ^amole per L. Cowie, 
Bolton, and Sands (1950), reported that sulfate concentrations less 
than about 300 j M  were limiting for the growth of Escherichia coli.
These authors also indicated that cells grown in sulfur deficient media 
may have abnormally low sulfur content.
Medium M 8 has been determined to have less than 50 jimoles per L 
of sulfur by the bioassay method. Therefore, if the S-2 culture was 
growing on contaminanting inorganic sulfur from either the mineral salts 
or KFC, the cells might be expected to have a lower sulfur content than 
cells grown in the presence of plentiful inorganic sulfur.
In order to check this possibility, strains S-2K and S-2S were 
grown for 36 hr in their respective media with KFC. The cells were 
obtained from the oil phase by diluting with benzene and centrifuging.
The cells were washed with benzene and dried at 40 C for 12 hr. Tripli­
cate determinations were made on cells from both sources. About 0.1 g 
samples of dried cells were combusted in an oxygen flask and the sulfate 
determined colorimetrically with barium chloranilate. Determinations 
for MS grown cells were 1.41, 1.31, and 1.28 per cent; for M 8 the values 
were 1.29, 1.28, and 1.33 per cent. There appeared to be little dif­
ference, if any.
Resting cell studies
Due to the difficulty in freeing cells of S-2 from their substrate,
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these studies were limited to the simple determinations of Q02 an<* R- Q* 
which could be measured without interference.
Resting cells of S-2, obtained by the procedure given in materials 
and methods, were observed to take up 51 j i L  O2 per hour per mg cell 
protein from 1 per cent KFC on clay (1:1); the "endogenous" controls 
took up 30 >uL O2 •
The respiratory quotient for the oxidation of 1 per cent KFC by 
S-2 resting cells was determined to be 0.33, indicating once again the 
incomplete oxidation of components of the petroleum fraction.
Discussion of the enrichment program in relation to culture S-2.
The approach outlined in Part I of this paper emphasizes the use 
of an enrichment environment in which carbon and sulfur are provided only 
in the form of the petroleum fraction. Microorganisms selected under 
these conditions should be able to derive their full carbon and energy 
requirements from the hydrocarbon structures. (Although small amounts 
of oxidized organic compounds are known to exist in petroleum, organisms 
capable of utilizing the hydrocarbons should be selected with great 
favor over those using these trace amounts of oxidized compounds). This 
prediction has certainly been proved correct with culture S-2. Such an 
environment should also select cultures capable of deriving their total 
sulfur requirements from the organic structures of the petroleum frac­
tion. Here again there is every reason to believe that culture S-2 can 
obtain its sulfur from organic structures according to the prediction.
What can not be predicted, however, is whether or not cultures 
will be selected which will transform organic sulfur of the petroleum
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in excess of what is required for growth. One of the original assump­
tions of the approach taken was that the predominating form of sulfur 
in KR was aromatic and of the thiophene type. It was further assumed that 
organisms forced to obtain both carbon and sulfur from the petroleum 
might find the sulfur atom in this type ring a choice point of attack 
for both sulfur and carbon. Organisms with enzyme systems for this 
mode of attack would probably be excellent desulfurizers.
Judging from the nature of culture S-2, there is sufficient 
aliphatic sulfur in these fractions to allow cultures to obtain sulfur 
in the process of obtaining carbon (instead of releasing sulfur to 
obtain carbon as it was hoped).
These considerations would lead one to suspect that cultures 
obtained from dibenzothiophene (DBT) enrichments should possibly be 
the best desulfurizers. However, the DBT isolates were not capable of 
significant desulfurization either. In this connection, Knecht (1961) 
obtained a culture (a mixture of two different species) from DBT enrich­
ments which was capable of oxidizing DBT and accumulating sulfate as a 
by-product. Even though this culture grew well on KFC, it did not 
accumulate detectable amounts of sulfate in the process. Possible ex­
planations for this are:
1) The dual species nature of this culture may be affected by 
the change in environment from DBT to KFC;
2) The enzymes involved in the oxidation DBT may be too specific 
to attack the highly substituted derivatives of KFC; this 
may promote ;ari adaptive shift in enzyme elaboration toward 
other substrates.
The true explanation must await further studies.
SUMMARY
1. Investigations were initiated to explore the possibility of microbial 
desulfurization of petroleum.
2. A theoretical approach was presented for obtaining cultures capable 
of removing organically bound sulfur from petroleum fractions of 
high organic sulfur content.
3. The results of an application of this approach were discussed. No 
cultures were found which could effect a significant reduction in 
the sulfur content of a flashed-crude containing 3.2 per cent sulfur.
4. A method was given for screening cultures for their ability to 
accumulate reducible, inorganic sulfur from the sulfur-bearing 
structures of petroleum. The method employed sulfate-reducing 
bacteria for the conversion of the oxidized, inorganic sulfur com­
pounds to sulfide; the sulfide was quantitated by a colorimetric 
procedure.
5. One isolate, culture S-2, from the enrichment program was studied 
in detail.
6 . Characteristics of culture S-2 growing on petroleum and conventional 
media were given. Photographs, several in color, were included to 
illustrate the growth of this culture in the oil phase of petroleum 
fractions and colony formation on conventional media. Culture S-2 
was identified as belonging to the genus Arthrobacter.
7. Culture S-2 was shown to accumulate organic acids from the oxidation 
of Kuwait flashed-crude.
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8 . An initial pH of 7.7-8.0 and 80 mM buffer concentration were optimum 
for acid production by this culture. Acid accumulation increased 
with increased aeration, mixing, and substrate concentration.
9. A total of 97 compounds were studied for their ability to serve as
carbcn-energy, nitrogen, or sulfur sources for the growth of culture 
S-2. The data suggest that this culture derives its carbon and 
energy from the long chain aliphatic hydrocarbons of the petroleum 
fraction. Preliminary data indicate that culture S-2 can obtain 
its sulfur from the aliphatic sulfides of the petroleum fraction, 
but not from the sulfur of aromatic heterocyclic rings.
10. Cells of culture S-2 were found to contain about 1.3 per cent sulfur 
when grown on the petroleum fraction whether sulfate was provided
or not.
11. Resting cells of S-2 were observed to utilize 51 p L  02 per hour 
per mg cell protein when supplied 1 per cent Kuwait flashed-crude 
adsorbed on clay. The respiratory quotient for this activity was 
determined to be 0.33.
\ 2 .  The general approach outlined for obtaining desulfurizing cultures
was discussed in relation to the characteristics of culture S-2 
which was isolated by this method.
LITERATURE CITED
Beerstecher, E. 1954 Petroleum microbiology. Elsevier Press, Inc., 
Houston, Texas,
Breed, R. S., Murray, E. G. D., and Hitchens, A, P. 1957 Bergey's 
manual of determinative bacteriology. 7th ed., The Williams 
and Wilkins Co., Baltimore, Md.
Budd, M. S, and Bewick, H. A. 1952 Photometric determinations of 
sulfide and reducible sulfur in alkalies. Anal. Chem., 24: 
1536-1540.
Challenger, F. 1959 Aspects of the organic chemistry of sulfur. 
Academic Press Inc., New York, N. Y.
Charles, R. G. and Freiser, H. 1950 Electric moments and structure 
of substituted thiophenes. Ill Polysubstituted thiophenes.
J. Am. Chem. Soc., 72: 2233.
Committee on Bacteriological Technic of the Society of American 
Bacteriologists. 1946 Manual of methods for pure culture 
study of bacteria. Biotech Publications, Geneva, N. Y.
Cowie, D. B., Bolton, E. T,, and Sands, M. K. 1950 Sulfur
metabolism in Escherichia coli. I. Sulfate metabolism of 
normal and mutant cells. J. Bacteriol., 60: 233-248.
Cribbins, L. R. 1949 The bacterial oxidation of aliphatic hydro­
carbons. University of Pittsburgh Bulletin, 45: no.8, 1-5.
Croxton, F. E. 1953 Elementary statistics. Dover Publications, 
Inc., New York, N. Y.
Davis, J. B. 1956 Microbial decomposition of hydrocarbons. Ind. 
Eng. Chem., 48: 1444.
Drushel, H. V. and Miller, J. F. 1955 Spectrophotometric deter­
mination of aliphatic sulfides in crude petroleum oils and 
their chromatographic fractions. Anal. Chem., 27: 495-501.
Feigl, F. 1958 Spot tests in inorganic analysis. Elsevier Pub­
lishing Co., New York, N. Y.
Hughes, H. K. and Wilezewski, J. 1954 k-Capture spectroscopy.
Iron-55 X-ray absorption determination of sulfur in hydro­
carbons. Anal. Chem., 26: 1889.
Kimberlin, C. N. 1958-1961 Personal communications. Esso Research 
Laboratories. Baton Rouge, Louisiana.
64
65
Knecht, A. T. 1961 Microbial oxidation of dibenzothiophene and 
its possible application in the desulfurization, of coal and 
petroleum. Dissertation, Louisiana State University,
Baton Rouge, Louisiana.
Lindsey, D. 1959 Quantitative bacteriological study of tissues, 
fluids, and exudates. J. Lab. and Clin. Med., 53: 299-307.
kysyj, X. and Zarembo, J. E. 1958 Rapid quantitative determination 
of sulfur in organic compounds. Anal. Chem., 30: 428-430.
Lysyj, I. and Zarembo, J. E. 1959 Spectrophotometric method for the 
determination of small amounts of sulfur in organic compounds; 
semimicro and micro methods. Microchem. J., 3: 173-180.
Maliyantz, A. A. 1935 I. Desulfurizing crude oil by microbiological 
methods, Azerb, Neft. Khoz., 15:89t 93. For. Pet. Tech.,
4: 166.
Maliyantz, A. A. 1936 II. Desulfurizing crude oil by microbiological 
methods. Azerb. Neft. Khoz., 16:36. Rev. Petrolifere, 1936: 
1520.
Pelczar, M. J., Hansen, P. A., and Konetzka, W. A. 1955 Quantitative
bacterial physiology laboratory experiments. Burgess Pub­
lishing Co., Minneapolis, Minn.
Rogoff, M. H., Silverman, M. P. and Wender, I. 1960 The elimination 
of sulfur from coal by microbial action. Presented before the 
Division of Gas and Fuel Chemistry, Am. Chem. Soc. Meeting 
(September), New York, N, Y.
Scott, J. 1921 Petroleum under the microscope. Petrol. World,
18: 160-161.
Snell, F. D. and Snell, C. T, 1937 Colorimetric methods of analysis.
Volume II. Organic and biological. D. Van Nostrand Company, Inc., 
New York, N. Y., p. 617-621.
Starkey, R. L. 1956 Transformations of sulfur by microorganisms.
Ind. Eng. Chem., 48: 1429-1437.
Stickland, L. H. 1951 The determination of small quantities of
bacteria by means of the biuret reaction. J. Gen. Microbiol.,
5: 698-703.
Strawinski, R. J. 1950 Method of desulfurizing crude oil. U. S.
Patent No. 2,521,761. Assigned to Texaco Development Corpo­
ration.
66
Strawinski, R, J. 1951 Purification of substances by microbial 
action, U. S. Patent No. 2,574,070. Assigned to Texaco 
Development Corporation.
Umbreit, W. W., Burris, R. H., and Stauffer, J. F. 1957 Mano- 
metric Techniques. 3rd ed., Burgess Publishing Co., Min­
neapolis, Minn.
Webley, D. M,, Duff, R. B., and Farmer, V. C. 1956 Evidence
for beta-oxidation in the metabolism of saturated aliphatic 
hydrocarbons by soil nocardias. Nature, 178: 1467-1468.
Weissberger, A. 1950 Technique of organic chemistry. Ill, 247, 
Interscience Publishers, Inc., New York, N. Y.
Young, L. and Maw, G. A. 1958 The metabolism of sulfur compounds. 
John Wiley and Sons, Inc., New York, N. Y.
VITA
Don Lee Isenberg was born in Lohrville, Iowa on May 13, 1934. He 
was graduated from Charles Bender High School in Humble, Texas in 1952.
In 1956 he graduated from the University of Texas with a B.S. degree in 
Pharmacy. He was registered by the Texas State Board of Pharmacy during 
the Summer of 1956. During the same year he married Miss Muriel Marie 
Baker. He entered the University of Houston in September, 1956, with a 
Teaching Assistantship and a Research Assistantship, and received the 
M.S. degree with a major in Bacteriology in August, 1958. In September 
of that year, he accepted an instructorship in Bacteriology at Louisiana 
State University, and entered the graduate school as a part-time student. 
In June of 1958 he began a full-time graduate program, and accepted a 
Research Assistantship which he holds at the present time. He is a 
.candidate for the degree of Doctor of Philosophy in August, 1961, with 
a major in Bacteriology and a minor in Biochemistry.
67
EXAMINATION AND THESIS REPORT
Candidate: Don Lee I s e n b e r g
Major Field: B a c t e r io lo g y
Title of Thesis: M ic r o b ia l  D e s u lf  u r i  z a t lo n  o f  p e tro le u m
Approved:
F or; Raymond .7. S tr a w lija k l  
Major^Pfofessor and Chairman!
EXAMINING COMMITTEE:
XX TLcrmxi^-
g - g - ' .
Q(p&. ^
Date of Examination: 
26 J u ly  1961
